Tungsten trioxide (WO 3 ) thin films were synthesised by electrodeposition using peroxotungtic acid as the precursor electrolyte solution for use as photoanodes in a photoelectrochemical cell for solar hydrogen applications. The films were coated at deposition potentials varying from 0.30 to 0.90 V versus Ag/AgCl in order to study the effect of the potential on the mineralogical, morphological, optical, and photoelectrochemical properties of the nanoparticulate films.
Introduction
Photoelectrochemical solar-hydrogen can be produced by the conversion of solar energy to chemical energy, which is stored in the form of hydrogen fuel. This process is environmentally clean and renewable and the principle involves the photogeneration of excitons by photosensitive semiconductor materials. These photogenerated holes and electrons oxidise and reduce water molecules, respectively, to produce oxygen and hydrogen gases, respectively, at separate electrodes of a photoelectrochemical cell [1] . In a fuel cell, the oxidation of hydrogen generates almost triple the energy obtained from fossil fuels, with water being the by-product [2, 3] . The route used to synthesise semiconductor photoelectrodes is important because it determines the performance of the photoelectrochemical cell. During the past few decades, tungsten oxide (WO 3 ) has become an important candidate for use as a photoanode owing to its high resistance against corrosion and photocorrosion [4] as well as its ability to absorb visible light (having a relatively small optical band gap) [5, 6] .
The practical implementation of WO 3 photoanodes often is in the form of thin films owing to better processing flexibility and lower costs. Numerous synthesis techniques have been used to produce WO 3 thin films and these include sol-gel [7] , electrochemical anodisation [8] , hydrothermal/solvothermal [9] , cathodic electrodeposition [10] , spray pyrolysis [11] , magnetron sputtering [12] and thermal oxidation [13] . Of these techniques, electrodeposition is advantageous due to the following [14] : 1) Excellent possibility of direct coating of films on large-area conductive substrates 2) Simple and low-cost process, which enables large-scale production 3) Good potential for controlling film thickness by monitoring charge consumption during deposition
The physical properties of WO 3 thin films have been demonstrated to be controllable by varying the processing conditions of electrolyte solution chemistry [10, 15] , during deposition [16, 17] , and postdeposition [18, 19] . In other words, careful choice of the deposition parameters is important to control the properties of WO 3 thin films and to ensure that these films are crack-free and highly crystalline and that they possess the optimal photoelectrochemical properties. The present work describes the effect of the deposition potential (voltage) on the deposition mechanisms and the resultant mineralogical, morphological, and optical properties of electrodeposited tungsten oxide thin films. The influence of these characteristics on the photoelectrochemical performance of these thin films also is analysed.
Experimental Procedure

Preparation of thin films
Tungsten oxide thin films were electrodeposited from peroxotungstic acid (PTA) solutions, which were prepared by dissolving tungsten foil in hydrogen peroxide. The excess hydrogen peroxide (H 2 O 2 ), formed upon complete dissolution of the tungsten foil, was eliminated catalytically by immersing a platinum foil into the solution. The decomposition of excess H 2 O 2 was accelerated by heating the solution to 70°C until gas evolution ceased. Clear yellow solutions of PTA were obtained by this procedure. The solutions were diluted to 0.05 mol L -1 (metal basis) by adding propan-2-ol and these were used as the electrolyte solutions for deposition. The pH value of the solution was 2.14 at room temperature.
A standard three-electrode electrochemical cell was employed for the sample deposition. A fluorinedoped tin oxide (FTO) substrate, Pt foil, and Ag/AgCl were used as the working, counter, and reference electrodes, respectively. All reported potential values are in relation to the reference electrode. The electrochemical cell was controlled using a potentiostat connected to a computer for datalogging. Prior to film deposition, a linear potential sweep was conducted at a scan rate of 5 mV· s -1 and a step size of 1 mV. The depositions were done at room temperature at deposition potentials varying from 0.3 V to 0.6 V for a fixed deposition time of 90 min. The as-deposited samples were rinsed with distilled water, dried in air, and annealed in a muffle furnace at 450°C for 2 h in air (heating and initial cooling rates were 5°C·min -1 ).
Characterisation of the films
The mineralogical analyses of the films were done using in situ X-ray powder diffraction (Philips The surface morphologies of the films were assessed using scanning electron microscopy (FEI Nova NanoSEM, accelerating voltage 5 kV). The film thicknesses were determined by focused ion beam milling (XT Nova Nanolab 200), followed by cross-sectional viewing at an angle of 45° using the NanoSEM. A UV-Visible spectrophotometer (Pelkin-Elmer Lambda 35) was used to measure the optical transmittances of the films in the wavelength region of 250 nm to 800 nm. The same electrochemical system described above was employed for the photoelectrochemical measurements of the films. WO 3 films on FTO substrates and 0.5 mol·L -1 NaCl aqueous solution (pH = 6.27) were used as the working electrode and electrolyte, respectively. The light source was a 50 W tungsten-halogen lamp of intensity ~30 mW· m -2 (measured using a Digitech QM1587 light meter, light source-sample distance ~45 cm), chopped at a frequency of 0.05 Hz.
Results and Discussion
PTA solutions without hydrogen peroxide were unstable. Precipitation was observed readily when the PTA solutions were heated beyond the point at which gas evolution ceased and/or after a day of storage at room temperature. The instability of PTA solutions has been reported elsewhere [20, 22] and the precipitate was identified as tungstic acid [22] . The addition of propan-2-ol improved the lifetime of PTA solutions and enabled their storage for more than three days without any precipitate formation. [23, 24] , as indicated by consistent quality of the films ( 0.37 V represents the minimal deposition potential required to reduce the PTA ions to tungsten oxide).
Figure 2(a) shows the SEM surfaces and cross-sectional images (insets) of the annealed films deposited at different voltages. The films consisted of irregularly shaped particles that formed a porous network. The film thicknesses (and hence the deposition rates) increased from 168 nm to 431 nm with increasing potential. The average particle sizes of the matrix grains were in the range ~80-90 nm and the variations were insignificant at different deposition potentials, indicating that the nucleation and growth mechanism is not influenced significantly by the variation of deposition potential. However, the sample potential lies at the upper limit of the range for stable film growth, as shown in Figure 1 . Increasing the deposition potential enhances the electric field strength between the working (FTO substrate) and the counter (Pt foil) electrodes and this accelerates the transport of the PTA ions for deposition at the FTO substrates, as evidenced by the overall increasing current density shown in Figure 1 . The rapid increase in current density above 0.60 V generated films of thickness >634 nm, without significant difference in matrix particle size, and this resulted in excessive drying shrinkage and potential cracking, as shown in Figure 2(b) . Hence, the potential of 0.60 V also represents the upper limit to produce films of sufficient thinness to avoid drying shrinkage stresses.
The as-deposited films were amorphous, as confirmed by the characteristic broad peaks in the XRD patterns (not shown). Crystallisation of the films upon annealing was confirmed by the XRD spectra shown es of ~ 23.1°, 23.6°, and 24.3° represent the (002), (020), and (200) planes, respectively, for monoclinic WO 3 [25] . Some preferred crystal plane growth of the (002) and (200) planes can be seen (all three peaks are of approximately equal intensities in random orientation), as has been observed by others [10, 26] . It is likely that this resulted from the easier growth of the orthogonal planes (002) and (200) relative to the non-orthogonal plane (020). The general increased peak intensities with deposition potentials are attributed to improved crystal lattice symmetry as the film grew and increased in thickness, as shown in Figure 2 (a), which was associated with the relief of physical mismatch stresses at the film/substrate interface. Figure 4 shows the optical transmittance spectra of the annealed films deposited at various potentials. It can be seen that the transmittance of the films deposited at 0.3 V to 0.5 V were fairly constant (~70%) in the wavelength range of >400 nm. The relatively low transmittance in the same wavelength range of the film deposited at 0.6 V, which probably results from this potential representing a transition point for both stable growth and film thinness. In addition, the transmission of the films shifted to longer wavelengths with increasing deposition potential. Also, the transmission of the film deposited at 0.6 V was significantly lower than those of the three thinner films. The reason for the former is that the optical indirect band gap consists of contributions from both the surface and volume band gaps, where the former usually is larger with thicker films [15] . More specifically, the reason for the latter is that it is well known that such transmission curves are associated with high concentrations of grain boundary defects that serve as electron-hole recombination sites [26] . Consequently, the concentration of surface defects (relative to the total volume), which provide surface-active sites for photocatalysis, remains nearly constant while the volume, which contains recombination sites at the grain boundaries, continues to increase as the film thickness increases.
The optical indirect band gaps of the films were estimated using the method of Tauc and Menth [27] :
Where:
The values of the optical indirect band gap (E g ) were estimated from extrapolation from the absorption edge to the v) 1/2 versus hv. The E g values of the films were in the range 2.50-2.96 eV, where they decreased with increasing deposition potential. Again, this variation can be attributed to the surface/volume defect considerations. Another issue related to the expected photocatalytic performance of these films is the increasing crystallinity and decreasing physical mismatch stress with increasing film thickness (where impurity, particle size, and roughness effects are irrelevant or minimal for these nanostructures). In this case, the greater crystallinity with the thicker films equates to a reduction in the defect concentration, especially at the surface, and so the photoactivity would be expected to decrease with increasing thickness. Figure 5 shows the photocurrent densities of the films measured under chopped illumination and at a fixed applied potential of 0.70 V. The photocurrent densities dropped to nearly zero when the illumination was chopped off and rose instantly when the films were illuminated. It can be seen that the photocurrent density increased with increasing deposition potentials of 0.30 V to 0.50 V. This is attributed to improved light absorption at longer wavelengths owing to the decreasing optical indirect band gaps, which enhances the photogeneration of electron-hole pairs for water photolysis. However, a lower photocurrent density was obtained for the film deposited at the higher potential of 0.60 V, despite its relatively low optical band gap. This is attributed to the competing mechanisms of photogeneration and recombination of electron-hole pairs. Since the potential of 0.60 V represents the transition to unstable film growth and drying shrinkage stresses, this nanostructure was likely to have been more defective than those deposited at lower potentials. Hence, these defects are equated with recombination sites. 
Conclusions
The effects of the deposition potential on the mineralogical, morphological, optical, and photoelectrochemical properties of electrodeposited WO 3 thin films, electrodeposited from peroxotungstic acid (PTA) solutions, were investigated. The resultant nanostructures showed an average matrix particle size in the range ~80-90 nm and thicknesses in the range 168-431 nm. The WO 3 was monoclinic and there appeared to be preferred growth of the orthogonal planes.
While increasing the deposition potential insignificantly affected the particle sizes, the deposition kinetics tended to increase, leading to rapid growth in the thickness of the films. The films were comprised of monoclinic WO 3 , which increased in crystallinity with increasing thickness owing to reduction in physical mismatch stress.
A range of potentials ( 0.30 V to 0.90 V) was used for film deposition. The linear sweep voltammetry data suggest that a range of 0.37 V to 0.60 V is optimal for film growth. However, the film deposited at a potential of 0.30 V appeared to be of good quality. In contrast, the deposition potential of 0.60 V appears to represent a transition between stable and unstable film growth as well as a transition between films undamaged and damaged by drying stress.
The optical transmission data revealed relatively high transmissions and low optical indirect band gaps for the films deposited at the potential range of 0.30 V to 0.50 V, with a red shift with increasing potential, associated film thickness, and crystallinity. The film deposited at the potential of 0.60 V revealed a curve consistent with a highly defective material. This trend is consistent with the relative effects from surface and volume defect conditions and associated band gaps. The significant degradation in the film deposited at the potential of 0.60 V is likely to have resulted from the fact that it represents the transition to unstable film growth and onset of drying stress.
The photocurrent densities were consistent with the effect of increasing solid volume and decreasing band gap as a function in increasing thickness, except for the film deposited at the potential of 0.60 V, which showed inferior performance. In this case, the effect was attributed to the competition between the photogeneration and recombination of electron-hole pairs, where the transition to unstable growth and residual stress suggest a significant enhancement of the defects enhancing recombination.
